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The design and operation of a high-temperature flowing-gas heater is described. 
The heater consists of four identical heater stages, each individually controlled. The 
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Reactor fuel-element designs can be partly evaluated out-of-pile by heating the ele- 
ments to operating temperature with a flowing hot gas. The effect of aerodynamic forces 
on the fuel elements and support structure as well as pressure drop characteristics can 
thereby be determined. An operational hot gas facility has accordingly been developed at 




electric heating, as described in  reference 2, because they were easy to heat electrically 
and easy to fabricate. The tests of reference 2, which were predominantly heat-transfer 
The results of some experiments using this facility a r e  reported in refer- 
This report  describes the operational hot gas facility with flat tungsten plates as the 
Flat tungsten plates were first used to simulate nuclear heating by 
tests, demonstrated that thin tungsten plates could be successfully operated a t  surface 
temperatures of 5000' R (2780' K). 
work on flat plates, a heater was constructed that is capable of heating hydrogen, helium, 
and nitrogen to outlet gas temperatures of 4500' R (2500' K). 
Therefore, with the experience gained in the initial heat- transf er and fuel- element 
The following a reas  associated with the heater development are discussed: 
(1) Selection of a power supply f o r  the heating element 
(2) Provisions for conducting large electrical currents  to the heater,  yet allowing for  
(3) Selection of compatible heater and heater housing materials 
(4) Operating goals of the heater i n  t e rms  of operational life, temperature level, and 
(5) Heater surface temperature profiles, both calculated and experimental, associated 
heater expansion 
gases used 
wi th  the physical dimensions of the heater 
A table is included that lists the operating conditions for the various gases  used. 
FAC ILlTY DESCRIPTION 
The gas heater facility is shown photographically in figure 1 and schematically in 
figure 2. The important components shown in these figures include 
Figure 1. - Four-htaye flat pldte gas-heater facility. 
2 
(1) Four heater stages, each stage consisting of five tungsten flat plates in a boron 
(2) Four individually controlled direct-current power supplies, one for each heater 
(3) Water-cooled electrical busing, some of which serve as electrode tension springs 
(4) A heat exchanger to cool the gas before exhausting through piping to the atmos- 
(5) Two water flow systems, one for  electrical busing and the other for cooling the 
(6) A gas flow system 
A more detailed description of the individual components is given under the appro- 
priate subheadings; however, certain components such as the power supply and heating 
elements are discussed further in the section OPEMTIONAL CHARACTERISTICS. 
nitride housing 
stage 
to accommodate heater expansion 
phere 
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The heater consists of four identical heating stages in series through which the gas 
flows. Each stage is electrically heated by one of the four power supplies. 
elements consist of five flat tungsten plates made f rom rolled tungsten sheet 0.030 inch 
(0.762 mm) thick. Each plate is ground into a shape, as shown in figure 3. 
each end se rve  as bus connections and permit  the gas to flow unimpeded through the 
plates which a r e  assembled for parallel current  flow. Plate spacing is maintained by 
groups of cylindrical tungsten spacers ,  as shown in figure 4. 
is placed over holes disintegrated in the tungsten plates. The assembly of five plates 
with spacers  is held together with tungsten bolts and nuts. Fifteen pa i rs  of spacer  as- 
semblies are necessary to support the five plates against the electromagnetic and aero- 
dynamic forces to which they a r e  subjected at maximum operating conditions. The as- 
sembled plates a r e  clamped onto buses that provide the current  path into and out of the 
elements. In general, each heater element is rigidly bused to a water-cooled copper 
plate on one end and a water-cooled electrode tension spring on the other end. 
copper plate always serves  as the electrical ground o r  negative power connection, as 
shown schematically in figure 5. Figure 3 shows the heater elements surrounded by a 
boron nitride insulating housing. The housing fo rms  a 1- by 1/2-inch (2. 54- by 1. 27-cm) 
flow duct through which gas flows between the plates. The boron nitride housing consists 
of two inner halves lz inch ( 3 . 8 1  cm) in outside diameter held together by a hollow cylin- 
The heating 
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Each group of four spacers  
The rigid 
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(b)  Heating element assembled. 
Figure 3. - One heater stage of four-stage flat-plate heater. 
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Figure 4. - Section of heater plates w i t h  spacers and two types of nu ts  and bolts. 
Power supply te rmina l  
Four copper tubes, 1/2 in. 
(1.27 cm) o.d., brazed t o  
copper plate 4 by 1/4 in. 
(10.2 by 0.635 cm) 
Figure 5. - Schematic arrangement of mater-cooled busing. (Voltage 




drical  piece 3 inches (7.62 cm) in diameter. This outer cylinder is threaded on one end 
and screwed into the pressure vessel housing to prevent bypass of the gas around the 
heater elements. The prevention of bypass is extremely important because all the flow 
must pass over the heater elements in order to achieve a high outlet gas temperature. 
Thus, the plates are uniformly cooled, and the possibility of hot spotting is reduced (as 
experienced in mesh heaters ref. 3). 
The exit of the first stage (fig. 2) is connected to the inlet of the second stage by an 
electrical insulating boron nitride duct which permits relative expansion between the two 
stages. This same flow arrangement is used at the exit of the third stage and the inlet 
of the fourth stage. In addition, the fixed ends of the second and third stages a r e  fastened 
to a common water-cooled copper plate. The water cooling permits large electrical cur-  
rents to be carried in  the small  copper tubing. The copper tubing from the negative 
bus terminates at the copper electrical ground plate. 
rectangular hole in the center of the plate. Tungsten insulating shields line the periphery 
of this rectangular hole to protect the copper f rom the hot gases and to minimize the heat 
loss  to the copper plate. Similar tungsten insulating shields a r e  added to the rectangular 
hole in  the exit plate between the fourth stage and the heat exchanger. A schematic dia- 
gram of the flow system, power supply, heater,  and associated components as used in 
this facility is shown in figure 2. 
The heated gas flows through a 
Power Supply 
The electrical power source for  the heaters  consists of four identical low voltage 
These power supplies were to be compatible with heater 
The important specifications for the four identical 
direct-current power supplies. 
resistances of about 2 milliohms. 
power supplies are as follows: 
Input: 2400 volts, 3 phases, 230 amperes  (ac) 
Output: 36 volts, 15 000 amperes (dc), 12-phase dc rectification, continuous operation 
with a minimum overload rating of 18 750 amperes  for 2 hours at 36 volts (dc) 
Control: Variable voltage saturable reactor control. 
f rom 10 to 100 percent of rated voltage a t  1 to 100 percent of rated power. 
Alternating-current ripple voltage: The ratio of effective (rms) value of ripple voltage 
to the average value of the total output direct-current voltage is l e s s  than 10 percent 
when connected to a resist ive load and operating at any point in the voltage range of 
30 to 100 percent of rated voltage. 
se r ies  operation in addition to the normal individual operation. 
either series,  parallel, o r  ser ies-paral le l  operation, however, does require  a con- 
The output voltage is adjustable 
Power supply flexibility: The power supplies have been constructed for  parallel  and 
The changeover to 
6 
a 
siderable amount of control modification. The following continuous duty ranges a r e  
Gas Flow System 
Hydrogen, nitrogen, or helium w a s  supplied to the flow system from tube t ra i lers  at 
a maximum pressure  of 2400 psi  (16. 5x10 N/m ). The gas then flowed from the t ra i ler  
through a remotely operated control valve, a choked flow nozzle, and an on-off valve that 
supplied gas directly to the heater. The gas flow w a s  metered by the choked flow nozzle. 
A constant mass flow through the test section was assured as long as a choked condition 
was maintained in  the nozzle for a constant upstream density. Three different s ize  noz- 
z les  were available to cover a wide range of gas  flow rates. 
listed in table I. 
and into a single-pass gas-to-water tube-and-shell heat exchanger where it was cooled 
below 1500' R (835' K) before being exhausted to the atmosphere. Downstream of the 
heat exchanger is a remotely operated back pressure valve whose purpose is twofold. 
P r io r  to operation the valve is closed to check the sytem for gas leaks; during operation 
the valve is used to vary the pressure level in the test section. 
For safety reasons, before using hydrogen for the test  gas, the entire gas flow sys- 
tem is purged with nitrogen. The controls were set for fail-safe operation so that if any 
prese t  safety permissive stops the hydrogen flow, nitrogen would automatically purge the 
system. In such a case, the electrical power to the heater would also be automatically 
shut down. A heater bypass line with a pressure relief valve was  also incorporated to 
prevent accidental overpressuring of the heat exchanger. 
6 2 
Typical flow rates a r e  
From the heater, the hot gas flowed through a water-cooled test  section 
Water Flow Systems 
There are two water flow systems associated with this facility. Cooling tower water 
City water wiis 
These impurities might affect either the boiling burnout limit or 
was used to cool the containment vessel, flanges, and heat exchanger. 
used to cool the electrical busing in order  to avoid the impurities normally present in 
cooling tower water. 
conduct cur ren t  and generate heat. Figure 5 shows a typical flow schematic of the water- 
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cooled electrical busing between the positive and negative power supply terminal blocks 
and the heater elements. 
bus plates have the appearance of manometer boards. Each of these bus plates consists 
of four 1/2-inch- (1.27-cm-) diameter copper tubes furnace brazed to 1/4-inch- (6.35- 
cm-) thick copper plates to minimize internal power generation within the tubing. The 
water flow path through the busing, shown schematically in figure 5, can be considered to 
start at the positive terminal block of the power supply. The water flows from the ter- 
minal block through a 1/2-inch- (1. 27-cm-) diameter copper tube into one of the tubes 
brazed to the 1/4-inch- (0.635-cm-) thick copper plate. The water continues through an 
electrode tension spring into the water-cooled copper bus to which one end of the heater 
element is clamped. The water returning to the power supply terminal block follows a 
s imilar  flow path only in reverse  order. The water flow path from the power-supply neg- 
ative terminal block is identical to that of the positive terminal block with the exception 
that the water flows through a copper electrical ground plate instead of the electrode ten- 
sion springs and water-cooled copper bus. 
account fo r  the two supply and two return lines shown in each terminal block (four 1/2- 
inch- (1.27-cm-) diameter copper tubes). The four heaters are electrically grounded 
through a common lead attached to the three copper plates shown in figure 2. The water 
supply lines are electrically isolated from the power-supply buses by rubber hoses. 
A pump capable of an outlet p ressure  of 125 psi (8.6xlO N/m ) is used to supply 
water at a flow ra te  of 4 gallons per  minute (2. 52x10 
trode. Each of the parallel water flow loops supplying power to the heater has a hand 
valve for adjusting water flow ra te  through a flowmeter located on the return side of the 
busing. A water flow switch also located on the return side of each flow loop shuts down 
the power supplies in  the event of an electrode failure. 
In the heat exchanger, the water flow is two-pass: .It first flows through the annulus 
surrounding the shell, and into a plenum. 
(Part of the water-cooled busing is also shown in fig. 1. ) These 
There are two parallel water flow paths which 
5 2 
-4 3 m /sec) through each heater elec- 
From the plenum, it returns through the tubes. 
I nst r u mentat ion 
The instrumentation used is shown in the flow schematic diagram in figure 2. The 
current flowing through each stage of the heater was measured by a calibrated shunt with 
a 1-millivolt voltage drop per  400 amperes.  The axial voltage drop along the heater plates 
was measured either by attaching voltage tap wires  under the spring nuts, which clamp the 
heater plates and spacers  together, o r  by placing the voltage tap wires into holes disin- 
tegrated into the edges of the plates, as described in reference 2. The nuts, plates, and 
spacers  a r e  shown in figure 4. 
to each of the four se t s  of heater plates, thus giving voltage profiles for  each stage. 
Eight voltage taps were  attached a t  different axial locations 
These 
8 
voltages were measured and printed out on a digital voltmeter. 
these instances, it was convenient to measure only the voltage drop across  the entire 
stage length. For ease of attachment, voltage taps were thus connected to the water- 
cooled copper bus on one end of the heater plates and to the water-cooled copper plate 
at the opposite end. 
included that due to clamping contact resistance. This portion of the voltage drop (which 
is actually a small  portion of the voltage drop across the attachment points) was then 
calibrated as a function of current through the test  section. The true test section voltage 
drop was obtained by subtracting the contact drop from the measured total stage voltage 
drop. 
couple. However, space limitation and the lack of a reliable high-temperature thermo- 
couple required that another means be used to determine the heater gas temperature. 
The gas temperature was calculated from a heat balance on the heat exchanger. 
exchanger water flow rate was measured with a calibrated orifice and the water temper- 
a ture  rise with a differential iron-constantan thermocouple. Water temperatures either 
to the electrodes or  the containment vessel were measured by type K thermocouples 
(ref. 4). 
ured by rotometers. A choked flow nozzle w a s  used to measure the gas flow rate ,  which 
was set by adjusting the nozzle inlet pressure at room temperature. Constant gas flow 
w a s  maintained providing the exit p ressure  w a s  not raised sufficiently to unchoke the 
nozzle. The heater-inlet, heater-outlet, and nozzle-inlet static pressures  were meas- 
ured by temperature compensated strain-gage-bridge pressure transducers. All pres- 
sures ,  temperatures,  and currents  were continuously recorded on null-balance 
potentiometer-type recorders.  
For some tests, it w a s  unnecessary to know the incremental axial voltage drop. In 
1 
The voltage drop ac ross  these attachment points (entire stage length) 
I The gas temperature leaving the heater could be measured with a shielded thermo- 
The heat 
All water flow rates to electrodes and the containment vessel  were individually meas- 
Method of Calculation 
The heater  exit gas temperature T1 w a s  calculated from a heat balance on the heat 
exchanger. 
heater did not drop a significant amount before entering the heat exchanger. 
This calculation was  possible because the outlet gas temperature from the 
Thus 
WE (T1 - T2) = WlcPw A T 1  
pg 
9 
T =  1 
The symbols are defined in appendix A, and W ,  W1, aT1, and T2 were measured 
values. 
temperature T1 was verified by melting plugs of si lver,  platinum, rhodium, and iridium. 
Figure 6 is a typical photograph after a test run showing three iridium melting plugs 
mounted into holes on a tungsten plate at the heater exit. 
plugs were peened flush with the tungsten plate surface.  
4950' R (2750' K), whereas the actual melting point of iridium is 4910' R (2730' K). 
Data from this run (run 3) are tabulated in table I. 
The temperature profile along the heater length was obtained in the following manner: 
Incremental voltage readings AV were recorded along the length of the heater AL.  The 
current  I through the heater cross-sectional area A was measured. 
was calculated by 
The gas properties used were taken f r o m  references 5 and 6. The outlet gas 
P r io r  to running the test, the 
The calculated temperature was 
The resistivity 
AV A < =--  
I A L  
The incremental heater surface temperature was determined from a plot of resistivity 
against temperature, as given in reference 7. 
,?- Melting plugs 
, /  ,'  \ 
'II 




Figure 6. - Iridium melting plugs mounted in tungsten plate. 
. 
OPERATIONAL CHARACTER ISTIC S 
The selection of the power supply and the electrical- mechanical considerations as- 
sociated with delivering high amperage to a heating element a r e  discussed in this section. 
Also discussed are the selection of heater and heater housing materials, the goals of the 
heater (in te rms  of operational life, temperature levels, and gases used) and the temper- 
a ture  profiles (both calculated and experimental) associated with the physical dimensions 
of the heater. 
Power Supply Selection 
The power supply was selected to be compatible with the resistivity of a heater- 
element consisting of flat tungsten plates electrically connected in parallel. With this 
type of heating element, the cold heater resistance is extremely low. For  example, one 
heater stage has a room-temperature resistance of about 120 microhms. Even at a tem- 
perature of 5000' R (2'780' K), where the resistance increased by a factor of 15, the 
heater resistance is less than 2 milliohms. With such a low resistance load at startup, 
a large transient inrush current would produce electromagnetic forces which could dam- 
age the heating elements or instrumentation unless the plates a r e  well supported. 
Previous experience on a single-phase alternating-current saturable-reactor- 
controlled power supply, described in reference 2, resulted in  measured transient cur-  
rents  of over 100 000 amperes when connected to a s imilar  flat plate heating element. 
Since single-phase alternating-current voltage varies with time, over a range from zero  
to a maximum value, the current  surge is dependent on the voltage value in existence at 
the time the circuit  is energized. Fortunately polyphase rectification reduces this ef- 
fect  because, fo r  a given average voltage, the maximum ripple direct-current voltage 
is l e s s  than the maximum single-phase alternating-current voltage. Another important 
feature of the power supply is the ability to open the alternating-current supply to the 
magnetic amplifier control circuit at startup. Thus, maximum internal impedance is in 
the circuit  at startup, which further reduces the current  surge. 
Rectification does not produce true direct-current voltage. Direc t-current output 
voltages and currents  contain superimposed ripples. The magnitude of these ripples or 
harmonics depends on the reactance of the circuit. The harmonic frequencies are depend 
ent on the input scsply frequency and the number of rectified phases. A single-line dia- 
g r a m  of one power supply is shown in the schematic drawing of figure 2. Polyphase 
rectification (12 phases in these power supplies) reduces the ripple voltage. The ripple 
frequency of these power supplies is 720 cps (720 Hz). Generally, the higher the ripple 
frequency, the lower the ripple voltage. 
11 
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Automatic voltage o r  constant voltage control w a s  specified because the resistance 
of the heating element increases with temperature. With this specification, the presence 
of a hot spot would increase the resistance and decrease the current flow tending to sta- 
bilize operation at a slightly higher temperature. The selection of constant current con- 
trol, however, would increase power generation and tend toward unstable operation. 
High -C u r r e n  t Water -Cooled Bus ing  
The power supply ratings (36 V, 15 000 A dc at continuous duty) were chosen to match 
the electrical resistance of the heating elements. A nominal current rating for uncooled 
2 copper busing is about 1000 amperes  per  square inch (155 A/cm ) of cross-sectional cur-  
rent area.  Thus, approximately 16 square inches (103 c m  ) of copper a r e  required for 
each positive and each negative bus at the power supply. Terminating the buses of the 
power supplies into a compact heater imposes a physical s ize  limitation that necessitates 
the use of water-cooled busing. Decreasing the busing s ize  by water cooling provided a 
means to incorporate heater-element expansion into the busing design as discussed in the 
section Heater Expansion. In addition, the smaller  busing at the test section provided 
more available space and permitted flexibility in instrumentation design and heater- 
element replacement. The penalty associated with small  water-cooled buses is the large 
voltage drop which reduces the voltage available for the heater itself. 
locations and notation of the voltage drops associated with the water-cooled busing. The 
voltage available at the heater V3 - 
voltage drops associated with busing to and f rom the heater. 
losses  consist of three parts: 
2 
Voltage drop across  busing. - Figure 5 is a schematic presentation of the various 
is equal to the power-supply voltage Vo 6 less any 
These voltage drops or 
(1) The voltage drop f rom the power supply to and from the containment vessel  
(2) The voltage drop inside the containment vessel  associated wi th  the drop ac ross  
(3) The voltage drop due to contact resistance between the clamping of the heating 
designated as VOe1 and V5 - 
the electrode tension springs designated as Vle2 
elements to the copper or molybdenum buses and plates designated as V2 - and 
v4-5 
The following section shows that, although each power supply is rated a t  540 kilowatts, 
the most power that can be transferred to the gas ,  in view of the abovementioned voltage 
losses,  is about 375 kilowatts, o r  a total of 1. 5 megawatts for all four power supplies 
under the most favorable circumstances. Consider first the voltage losses to and f rom 
the power supply external to the containment vessel .  
12  
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Busing drop external to containment vessel: A s  described in the FACILITY 
DESCRIPTION section, the busing f rom each power supply to the heater containment 
vessel  consisted of a negative and a positive bus. A schematic drawing of the busing 
arrangement is shown in figure 5; figure 1 shows only a par t  of the busing. Buses con- 
sist of water-cooled tubes brazed to copper plates over most of the length between the 
terminal block and the tes t  section. In order  to  facilitate connection at the containment 
vessel, only the copper water-cooled tubes were continued to the containment vessel. 
where the tubes are not brazed to the copper bus plate. 
is 4 by 1/4 inch (10.2 by 0.635 cm) in cross-sectional a r e a  and the four copper tubes 
brazed to the plate are each 1/2 inch (1.27 cm) in outside diameter. 
I The copper tubes were supported by electrical insulating support clamps in the region 
The water-cooled copper plate 
14 16 1 8 x I d  
Electrode current, A 
Figure 7. -Voltage drop across electrodes external to Containment vessel as function of electrode cu r -  
rent. 
Figure 7 shows the voltage drop across  the water-cooled busing outside the contain- 
ment vessel  as a function of power supply current. As shown in figure 5 this voltage 
drop includes both positive Vo 
imum continuous duty current  value of 15 000 amperes, the sum of Vo and v5-6 is 
6.4 volts. 
Electrode tension spring drop: One end of each heating element is rigidly fixed to a 
water-cooled copper plate. 
connection between the four 1/2-inch- (1. 27-cm-) diameter water-cooled tubes external 
to the containment vessel  and the heating elements. 
damped to a wzter-cooled copper bus. Attached to the copper bus are four water-cooled 
electrode tension springs. 
schematically in figure 5. 
Expansion section. 
and negative V5-6 drops. As an example, at the max- - 
?his plate serves  as the electrical ground o r  negative bus 
The other end of the heater is 
These springs a r e  shown photographically in figure 8 ana 
The purpose of tension in the electrode tension springs is discussed in the Heater 
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Figure 8. - Two heater stages during assembly. 
a r e  connected to the four 1/2-inch- (1. 27-cm-) diameter  copper water-cooled tubes lo- 
cated outside the containment vessel. Each of the four electrode tension spr ings is elec- 
trically and mechanically connected in parallel. A t  the maximum continuous duty cur ren t  
of 15 000 amperes ,  each spring ca r r i e s  3750 amperes .  The voltage drop a c r o s s  the elec- 
trode tension springs is shown as a function of cur ren t  in  figure 9. A s  a n  example, at 
15 000 amperes through the heater, the electrode tension spring voltage drop V12 is 
3. 2 volts. 
Contact res is tance drop: The contact res i s tance  voltage drops are relatively small. 
The drop V2 - 
the heating-element tabs. is associated with both the clamping between 
the molybdenum bus and the heating-element tabs, and between the molybdenum bus and 
the copper electrical ground plate. As an example, at 15 000 amperes ,  the summation 
of V2-3 and V4-5 is l e s s  than 0. 3 volt. 
3. 2 V; and contact resistance, 0 .3  V) at 15 000 amperes  is slightly l e s s  than 10 volts. 
Thus at maximum power, the voltage available at the heater  is about 26 volts. Conse- 
quently, whenever large amperage power supplies a r e  considered, either l a r g e  buses 
is associated with the clamping between the water-cooled copper bus and 
The drop V4 - 




Figure 9. - Voltage drop across electrode tension spring a s  function of current 
through spring. Electrode spring outside diameter, 5/16 inch (0.794 cm); 
copper wal l  thickness, 1132 inch  (0.079 cm); number of t u r n s  per spring, 
four; outside diameter of spring, 21  inch  (5.40 cml. 
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must be used at the expense of available space and flexibility, or a power loss  penalty 
must be accepted as the convenience of water cooling. 
Heater expansion. - The electrode tension springs were designed to accommodate 
expansion of the heater element at operating temperature without exerting too great a 
fo rce  on the element to cause excessive creep. A predetermined tension force was ap- 
plied to the electrode tension spring during assembly so that, at maximum operating tem- 
perature,  tension existed on the heating elements. The tension prevented buckling of the 
heater plates and subsequent flow blockage. Each tension spring was fabricated from 
5/16-inch- (0.79-cm-) diameter copper tubing with 1/32-inch- (0.079-cm-) thick wall  and 
formed into a four-coil electrode tension spring. Four of these springs were attached to 
the copper bus at the free end of each heater stage, as shown in figure 5. Thus, on each 
heater stage, the springs were mechanically in parallel. 
force-deflection behavior of one of the springs. The electrode tension spring force is 
linear over the deflection-region of interest, and the spring constant is the slope of the 
force-deflection curve. As shown in figure 10, the spring constant is about 115 pounds 
pe r  inch (201 N/cm) of deflection. Or for four springs mechanically in  parallel, the 
spring constant is 460 pounds per  inch (804 N/cm). 
Refer to run 3 in table I as an example of the purpose of the electrode tension spring 
f o r  which the average surface temperature of the fourth heater stage is 4400' R ( L S L ~ Y  IC). 
At this temperature,  the unrestrained 8-inch (20. 31cm) effective heater length would in- 
c r ease  to about 8 .1  inches (20.6 cm) based on a AT of 4000' R (2225' K) and an average 
Figure 10 is a curve of the 
/ C % A A n O  
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Figure 10. - Force-deflection characteristics of four - tu rn  
electrode tension spring. Spring constant, 115 pounds 
per inch  (201 Nlcrn). 
coefficient of linear expansion of 3X10m6 inch per  inch per  OR (5. 4X10-6 cm/(cm)(OK)) as 
given in reference 8. If however, both ends of the heater plates were restrained, the 
heater-plate assembly would buckle as a unit and cause flow blockage in the outer pas- 
sages surrounded by the boron nitride housing. 
ficient tension applied to the heater element. 
144 pounds (640 N) which corresponds to an initial deflection in the tension springs of 
5/16 inch (0.79 cm). Since the heater-plate cross-sectional area is 0.15 square inch 
(0.97 c m  ), the initial room-temperature s t r e s s  is 960 psi  (661 N/cm ). At operating 
temperature, the heater elements expand about 0. 1 inch (0.254 cm) thus reducing the 
tension to about 97 pounds (432 N) corresponding to a s t r e s s  of 650 psi (448 N/cm ). 
heater operational goal was s e t  at 10 hours. The heater elongation was calculated to be 
less than 0.001 inch (0.0025 cm) by using the creep and s t r e s s  data of reference 9. 
results confirmed that the elements, when placed under the specified initial tension, did 
not creep more than 0.001 inch (0.0025 cm). 
Two guide-rods 
and electrical insulating sleeves a r e  used for alinement to prevent twisting o r  cocking of 
Figure 11 i l lustrates an example of insuf- 










Figure 11. - Heater-element buckling resulting from insufficient tension 
in electrode tension springs. 
the elements due to uneven spring tension. 
photographically in figure 8. 
These guide-rods and sleeves a r e  shown 
Materials of Construction 
The heating element and its flow housing a r e  the two components that must operate 
near  5000' R (2780' K) in  a flowing hot gas stream. The choice of materials for these 
components w a s  an important consideration for the successful operation of the heater. 
The other heater  components, such as the water-cooled electrical busing, the contain- 
ment vessel ,  and gas flow system, all operate near ambient temperature so that the 
usual construction mater ia ls  could be used. 
The heating element had to be a refractory material that possessed the following 
-ha rnrtorictir c: ----- -- --- -L "__" 
(1) Electrical  resistivity that meets the requirements of a low-voltage, high-current 
power supply 




(3) Nonreactivity with hydrogen, helium, and nitrogen gases at local surface temper- 
(4) Operating capability at 5000' R (2780' K) for  10 hours without significant dimen- 
atures  up to 5500' R (3055' K) 
sional changes 
Tungsten was selected as the material that best  met these requirements because, Of all 
the refractory metals, it has the highest melting point 6620' R (3680' K). 
at an operating temperature of 5000' R (2780' K), it will  retain more of its or igind 
strength than other lower melting point refractory metals such as rhenium or tantalum. 
Tungsten electrical resistivity is relatively low which makes it compatible with a high- 
amperage - low-voltage power supply. 
precaution is that the oxygen content of the gas must be sufficiently low to prevent oxida- 
tion of the tungsten. 
50 par t s  per million. No apparent oxidation occurred. 
a ture  and load. However, with adequate supports, as shown in figure 4, the heater ele- 
ment will maintain its shape at 5000' R (2780' K) under both aerodynamic and electro- 
magnetic forces  which result  f rom the flow of gas over the plates and the current  through 
the plates. For example, reference 2 states that steady-state current  values of 14 000 
amperes  produced electromagnetic forces on the outside plates as high as 3 pounds per  
inch (5. 26 N/cm) of plate length. 
simplify some of the more difficult machining operations. A s  an example, f igure 4 shows 
a side view of a section of the heater assembly. Coiled tungsten se rves  as nuts. 
bolt is unique in that i t  consists of a tungsten rod over which a tightly wound tungsten coil 
forms the thread. 
corporated into the design. 
bolt and a sheet metal tungsten nut a r e  a lso shown in figure 4. 
The operating life of a spacer-supported heater is primarily a function of the diffusion 
rate for  tungsten at 5000' R (2780' K) into a flowing gas stream. 
this system w a s  not calculated. An estimate of the maximum loss ra te  can be determined 
f rom the evaporation ra te  of tungsten in a vacuum. At 5500' R (3055' K), this ra te  of 
0.0001 inch per  hour (0.000254 c m  per  hour, ref. 10) for 10-hour operation resul ts  in 
a decrease in heater element thickness of 0.002 inch (0.0051 cm) per  plate, or approxi- 
mately a 7-percent change in  cross-sectional area.  A change of this magnitude could 
result  in a premature heater burnout. However, the vaporization rates would be less 
under pressure,  and an operating life of 10 hours appears as a reasonable goal when 
0.030-inch- (0.076-cm-) thick tungsten heating elements a r e  used. In fact, 10 hours of 
successful heater operation has been achieved, but because of the nature of the tes ts ,  this 
Therefore, 
The chemical reaction between tungsten and the gases used is insignificant. The only 
The oxygen content of the gases used in these tes ts  was  less than 
In the form of a single, thin, unsupported plate, tungsten wil l  deform at high temper- 
During the heater development, tungsten fabrication techniques were improved to 
The 
These coiled bolts and nuts a r e  commercially available and were in- 
The previously used conventional type of machined tungsten 





period included several  shutdowns as well as different flow ra tes  and different gases. 
5000' R (2780' K), an electrical insulator, nonreactive with hydrogen, helium, and nitro- 
gen, and machinable into the desired shapes, 
properties and proved to be an  excellent material for this component. An initial problem 
of excessive cracking and spalling was  attributed to moisture being absorbed by the boron 
nitride at room temperature and being rapidly expelled f rom the material at high temper- 
ature. 
eliminated this problem. At  high temperatures, direct  contact between boron nitride and 
tungsten produces a chemical reaction. The heater section is designed SG that direct  
contact between boron nitride and tungsten is eliminated. 
The entire heater assembly was designed s o  that components adjacent to the heater 
elements would have at least equivalent operating life. In addition, component replace- 
ment could be made without completely disassembling the entire heater assembly. For 
example, i f  one heater stage burns out, it can be replaced without completely disassem- 
bling the remaining three stages. Normally, the only components being replaced are the 
heater elements in the third and fourth stages. The boron nitride flow housing can be 
reused many times. All the tungsten heater element par ts  can be procured and stocked 
pr ior  to a shutdown. To disassemble, rebuild, and reassemble the four heater stages 
requires about 3 man-days. 
The heater flow housing must also be a refractory material capable of operation at 
Boron nitride possessed most of these 
Fortunately, a moisture-resistant grade of boron nitride became available which 
Effect of Heater Dimensions on Operating Conditions 
In order  to achieve maximum gas temperature, the heater surface must operate at 
the highest temperature consistent with the structural strength of the materials. 
length to diameter ratio of the flow passage must be large enough so that the gas temper- 
a ture  approaches the heater surface temperature. 
heater configuration, a minimum heater length and pressure  drop result  when the heater 
surface is maintained at a constant maximum temperature. 
The 
For a given outlet gas temperature and 
A s  an example, the equation 
D 2f Tw - T2 
derived in reference 11 and based on Reynoias analogy, 28;: be used to calculate a mini- 
mum Z / b  of 220 under the following conditions: an average friction factor of 0.005, 
which is consistent with the mass velocity range anticipated in the heater, a surface 
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temperature of 5000' R (2780' K), a gas outlet temperature of 4500' R (2500' K), and 
a gas inlet temperature of 500' R (278' K). 
face temperature cannot be achieved under conditions of a constant heat-transfer coeffi- 
cient and a heater material whose resistance increases with increasing temperature. 
Varying the heater cross-sectional area is not practical, particularly with a material  
like tungsten that is brittle at room temperature and difficult to fabricate. Using plates 
with constant cross-sectional area, however, puts a serious restriction on the heater 
surface temperature profile. For example, if the heater were fabricated f rom a single 
flat plate assembly with an  2 /D of 256, the heater surface temperature would increase 
exponentially along the heater length according to an equation of the form 
However, unless the heater cross-sectional area is varied, a constant heater sur-  
Tw = F + C2-aE2 
This equation is derived in  appendix B, where a, F, C, and E are constants based on 
flow rate, heater dimensions, specific heat, current,  inlet temperature, a constant heat- 
transfer coefficient, and the relation between the resistivity and temperature of tungsten. 
A typical exponential heater temperature profile is shown in figure 12. This profile re -  
3 m ~  
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Length to equivalent diameter ratio 
Figure 12. - Comparison between calculated and experimental heater tempera- 
ture profiles. Calculated profile for single-stage-heater: experimental- 
temperature data from four-stage heater. Helium flow rate, 0.043 pound per 
second (19.6 glsec); maximum surface temperature, 5240" R (2910" Kl; equiva- 
lent diameter, 0.0104 feet, (0.317 cml; outlet gas temperature four stage, 
4230" R (2350" Kl; single stage, 3000" R (1667" Kl .  
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su l t s  in an average surface temperature even lower than a linear temperature profile. 
A heater with this type of temperature profile would be extremely inefficient. In order to 
achieve a high gas temperature f rom this low average surface temperature, the Z / D  of 
the heater would have to be increased; thus, the pressure drop would increase accord- 
ingly. 
An alternate approach (other than varying heater cross-sectional area)  to obtain a 
higher average heater surface temperature would be to divide the heater length into an 
infinite number of heaters,  each with individually controlled power supplies. Four flat- 
plate heater stages, described in the section Heater Assembly, were chosen as a com- 
promise to approach a higher average heater temperature. Some of the factors that 
influenced the choosing of four heater stages were 
(1) An 1 /D of 256 (which was considered to be large enough to heat the gas) could 
be obtained by using four identical heaters similar in design to those which had 
been successfully run and reported in  reference 2 
(2) The flexibility and economy associated with four identical heaters and four iden- 
tical power supplies 
(3) The complexity of additional busing offsets any advantages gained in adding heater 
stages; conduction losses also increase as more busing is added to accommodate 
additional stages 
Figure 12  shows an actual four-stage heater temperature profile corresponding to 
The surface temperature profile 
run 6 of table I. 
tungsten support bolts along the length of the plates. 
was then obtained from the relation between resistivity and temperature for tungsten, as 
discussed in the section Method of Calculation. Each heater stage operates at a pro- 
gressively higher average surface temperature because the gas entering each successive 
stage is at a higher gas temperature. For a comparison, a calculated temperature pro- 
file is also shown in the figure. The calculated temperature profile for the heater stage 
is not broken up into individual stages supplying different amounts of power. 
same flow rate, 2 / b ,  and maximum surface temperature, the outlet gas temperature is 
only 3000' R (1667' K) compared with 4230' R (2350' K) for the four-stage heater. The 
four-stage heater profiles f o r  the f i r s t  three stages were not run a t  the maximum power 
levels. If they were, each profile -vould have been at an  even higher average surface 
temperature. 
In an attempt to improve the heater performance further, seven 0.020-inch- (0.051- 
cm-) thick plates spaced 0.040 inch (0.102 cm) apart  were substituted for the five 0.030- 
inch- (0.076-Ci11-) thick i;!ates. 
t r ical  resistance. A s  a result, the heat-transfer surface area has been increased about 
40 percent and the 2 / b  about 56 percent. The thinner plates, although capable of with- 
standing the aerodynamic forces,  were not able to support the electromagnetic forces 
This profile was obtained by the use of voltage taps connected to-the 
For the 
BsLh sets of plates have approximately the same elec- 
2 1  
resulting from the large current  flowing through the plates. 
thick plates buckled even with 1/2 inch (1.27 cm) support spacing. 
supported heater even at the low flow rates.  
stages a r e  listed in table I. This same pressure drop may also be calculated by a method 
reported in reference 2. In designing a spacer-supported heater,  c a r e  should be taken to 
provide for the additional pressure  to overcome the friction pressure  drop due to the 
spacers  . 
The 0.020-inch- (0.051-cm-) 
It is important to realize that a significant pressure  drop occurs with a spacer- 
Experimental p ressure  levels between 
CONCLUDING REMARKS 
A high-temperature four-stage flat-plate gas heater has been designed and is oper- 
ational. This heater has heated hydrogen, helium, and nitrogen to gas temperatures 
above 4500' R (2500' K). The highest gas temperature, 4950' R (2750' K), has been 
achieved with hydrogen at a mass velocity of 3 . 0  pounds per  square foot per  second 
(14.7 kg/(m2)(sec)). The highest mass velocity, 123. 5 pounds per  square foot pe r  second 
(604 kg/(m )(sec)),  w a s  obtained with nitrogen at a gas temperature of 3700° R (2055' K). 
The heater has  operated successfully for 10 hours, but this 10-hour period has been 
achieved with several shutdowns as well as different flow rates and different gases. 
The heater design is simple yet offers several  unique advantages as follows: 
1. The heater is divided into four individually controlled heater stages which allow 
the heater to operate at a high average surface temperature. 
2. The flat-plate heating elements a r e  easy to fabricate. All stages are identical 
and the parts a r e  interchangeable. Individual components can be replaced without dis- 
assembling the entire heater assembly. 
The flat 
plates a r e  uniform in construction and are not as susceptible to hot spotting as a r e  some 
loosely-woven mesh heaters.  
In addition, gas bypass around the heating elements has been minimized by making a 
positive seal at one end of each heater stage. Thus a higher outlet gas temperature can 
be obtained for a given maximum surface temperature. Heater expansion is accommo- 
dated by water-cooled electrode tension springs. 
connections between the tungsten heater elements and rigid power-supply busing. 
There are two disadvantages associated with the flat plate heater design: 
1. The large friction pressure  drop through the spacer-supported plates 
2 
3. The flat-plate heating elements can be used with all nonoxidizing gases. 
The tension springs also provide busing 
22 
V 
2. The voltage drop penalty resulting f rom small water-cooled buses. (This busing 
voltage drop reduces the voltage available for the heater itself. ) 
Both of the disadvantages a r e  predictable. 
1 Lewis Research Center, 
National Aeronautics and Space Administration, 
Cleveland, Ohio, September 13, 1967, 

































2 current flow cross-sectional area, ft2; m 
K12a/Ap, Btu/(sec)(ft 2 0  )( R); J/(sec)(m 2 0  )( K) 
ap/a, Btu/(sec) (ft2); J/(sec)( m2) 
constant of integration, R; OK 
specific heat of gas at constant pressure,  Btu/(lb)('R); J/(kg)(OK) 
mean specific heat of gas at constant pressure  through heat exchanger, 
specific heat of water at constant pressure,  Btu/(lb)(OR); J/(kg)(OK) 
0 
Btu/(lb)(OR); J/(kg)(OK) 
equivalent diameter,  f t ;  m 
hp hV cp(a - h) , (f t) (s ec ) (OR) /Btu; ( m) (s ec ) (OK) /J 
-b/a, OR; OK 
average friction factor 
(-b - hTi)/(a - h), (ft)(sec)(OR)/Btu; (m)(sec)('K)/J 
heat-transfer coefficient, Btu/(sec)(ft )( R); J/(sec)(m )( K) 
current, A 
conversion factor f rom watts to Btu/(sec), 0.948~10- 
position along axial length, f t ;  m 
differential length element, f t ;  m 
incremental length of element, f t ;  m 
total perimeter of all plates, f t ;  m 
2 2 local heat flux from plates to gas, Btu/(sec)(ft ); J/(sec)(m ) 
bulk gas temperature, OR; OK 
inlet gas temperature at 2 = 0, OR; OK 
surface temperature, OR; OK 
heater exit gas temperature, OR; OK 
heat exchanger outlet gas temperature, 
2 0  2 0  
3 
0 R; OK 
heat exchanger water temperature increase, 0 R; OK 
AT1 
V,, to V6 
AV incremental voltage drop, V 
W 
voltage locations designated in fig. 5 
gas flow rate, lb/sec; kg/sec 
water flow rate in heat exchanger, lb/sec; kg/sec w1 
CY constant, ohm-ft/OR; ohm-cm/OK 
a constant, ohm-ft; o h m c m  
5 resistivity of tungsten, ohm-ft; ohm-cm 
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APPENDIX B 
DERIVATION OF WALL TEMPERATURE PROFILE AS FUNCTION 
OF HEATER LENGTH 
A t  a distance 2 along the passage length (see fig. 13), 
where the surface temperature Tw7 bulk temperature Tb7 resistivity 5 ,  and heat flux 
q a r e  taken at axial position 2 ,  and the inlet temperature, Ti’ is taken at 2 = 0. 
follows: 
varies according to 5 = a!Tw + 6, where a! and 6 a r e  constants. 
The assumptions for wall temperature profile of electrically heated plates are as 
(1) The resistivity of the elements 5 is a function of heater wall temperature and 
(2) The heat-transfer coefficient h is a constant along the axial length. 
(3) The specific heat c is a constant along the axial length. P 
Equation (B2) can be expressed in te rms  of Tb and substituted into equation (Bl) giving 
Ti 
CD-9348 
Figure 13. . Schematic of flat-plate configuration used 
in derivation of wall temperature profile. 
I 
Since 5 = aTw + P,  equation (B3) can be written as  
2 Letting a = KI a/Ap and b = aP/a and substituting into equation (B5) give 
q = a T w + b  
Equating equations (B4) and (B6) and expressing in terms of Tw give 
hp 4' q d2 - b  - hTi Tw = 
a - h (a - h)Wcp 
Letting H = (-b - hTi)/(a - h) and E = hp/(a - h)(Wc ) and using equation (B6) yield 
P 
equation (B7) in  the form 
Tw = H - E 4' q d2 = H - E 4' (aTw + b)d2 
Equation (B8) can now be differentiated and expressed as 
- + EaT, = -Eb dTW 
d2 
Equation (B9) is a linear first-order differential equation the solution of which yields 
where the constant C can be evaluated from the boundary conditions: at i = 2.5? feet 
(0.814 m), Tw = 5240' R (2910' K), and F = -b/a. Equation (B10) was used to calculate 
the wall temperature profile of figure 12 with a helium flow rate  of 0.043 pound per 
27 
second (19.6 g/sec) corresponding to run 6 in table I. In addition, the maximum wall 
temperature of the calculated profile was limited to 5240' R (2910' K), the maximum 
wall temperature of run 6. The other parameters  used to calculate the wall temperature 
profile a r e  as follows: 
Gas flow rate (of helium), W, lb/sec; g/sec . . . . . . . . . . . . . . . . . 0.043; 19.6 
Total perimeter of all plates, p, ft; m . . . . . . . . . . . . . . . . . . . 0.833; 0. 254 
Specific heat of gas at constant pressure,  c 
J/(kg)('K) . . . . . . . . . . . . . . . 
Current flow cross-sectional area, A, f t  ; c m  . . . . . . . . . . . 1 . 0 4 2 ~ 1 0 - ~ ;  0.968 
2 2 0  2 Heat-transfer coefficient, h, Btu/(ft )(sec)(OR); J/(sec)(m )( K) . . . . 
Inlet gas temperature at 1 = 0, Ti, R; OK . . . . . . . . . . . . . . . . . . . 560; 311 
Position along axial length, 1 ,  ft; m . . . . . . . . . . . . . . . . . . . . . 2. 67; 0.814 
Equivalent diameter, D, ft ;  c m  . . . . . . . . . . . . . . . . . . . . . . 0.0104; 0. 317 
Current, I, A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6900 
Constant of integration, C, R; OK . . . . . . . . . . . . . . . . . . . . . . . 565; 314 
Constant, a, (pohm)(ft)/OR; (pohm)(m)/'K . . . . . . . . . . 0 . 5 8 3 ~ 1 0 - ~ ;  0 . 3 2 ~ 1 0 - ~  
Constant, P ,  (pohm)(ft); (pohm)(m) . . . . . . . . . . . . . . . . . . . -0.146; -0.0445 
Btu/(lb)(OR); 





In this investigation, the values of (Y and /3 are used to linearize the temperature- 
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TABLE I. - OPERATING CONDITIONS FOR SEVEN TYPICAL RUNS 
b u n  time, approximately IO min] 





Heater inlet gas tem- 
perature, T ~ ,  OR 
Heater outlet gas tem- 
perature, T ~ ,  OR
Mass velocit 
Gas flow rate, W ,  
Heat exchanger water 
Heat exchanger water 
lb/(sec)(ft i? ) 
Ib/sec 
flow rate, W1, lb/sec 
temperature rise,  AT, 
OR 
Heat exchanger outlet 
gas temperature, T2, 






















Inlet pressure a t  stage 1, 
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aIridium plug melted at  4910' R. 





1 2 3 4  5 6  I 
TABLE I. - Concluded. OPERATING CONDITIONS FOR SEVEN 
TYPICAL RUNS 
[Run time, approximately 10 min] 
(b) SI Units 
Operating conditions 
3eater inlet gas tem- 
perature, T ~ ,  OK 
seater outlet gas tem- 
perature, T1, K 
Mass velocity, 
kg/(sec)(m2) 
%as flow rate, W,  
g/sec 
Heat exchanger water 
Heat exchanger water 
0 
flow rate, W1, kg/sec 
temperature rise, AT, 
OK 
Heat exchanger outlet 












Average surface tem- 
Inlet pressure at stage 1 




















bpressures  not recorded. 
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